ABSTRACT: Passive acoustic monitoring (PAM) is a rapidly growing field, providing valuable insights in marine ecology. The approach allows for long-term, species-specific monitoring over a range of spatial scales. For many baleen whales fundamental information on seasonal occurrence and distribution is still missing. In this study, pulse trains produced by the North Atlantic minke whale, a highly mobile and cryptic species, are used to examine its seasonality, diel vocalization patterns and spatial distribution throughout the Stellwagen Bank National Marine Sanctuary (SBNMS), USA. Three and a half years (2006, 2007 to 2010) of near continuous passive acoustic data were analyzed using automated detection methods. Random forests and cluster analyses grouped pulse trains into 3 main categories (slow-down, constant and speed-up), with several subtypes. Slow-down pulse trains were the most commonly recorded call category. Minke whale pulse train occurrence was highly seasonal across all years. Detections were made from August to November, with 88% occurring in September and October. No detections were recorded in January and February, and only few from March to June. Minke whale pulse trains showed a distinct diel pattern, with a nighttime peak from approximately 20:00 to 01:00 h Eastern Standard Time (EST). The highest numbers of pulse trains were detected to the east of Stellwagen Bank, suggesting that minke whales travel preferably in deeper waters along the outer edge of the sanctuary. These data show that minke whales consistently use Stellwagen Bank as part of their migration route to and from the feeding grounds. Unlike other baleen whales in this area they do not appear to have a persistent year-round acoustic presence.
INTRODUCTION
Many mammals live in fluid social networks, where individuals move over long distances and in relation to one another. In such social systems most aspects of behavior, such as maintaining social contact, mate attraction, territorial defense or anti-predator response, are often mediated by acoustic communication (see McComb & Reby 2005 for a review). Due to natural limitations of light propagation in the marine environment, cetaceans in particular have evolved to rely on sound for many aspects of their lives. For example, most baleen whales use lowfrequency signals that can propagate over large distances for maintaining social contact during long migrations and in social contexts such as mating (e.g. Tyack & Clark 2000) . Sound production may also be related to feeding and navigation (e.g. Clark & Ellison 2004 , Stimpert et al. 2007 .
In recent years, passive acoustic monitoring (PAM) has become an important tool for monitoring cetaceans. PAM is especially useful in remote areas, during nighttime or adverse weather conditions and in general for species that are difficult to study at sea (e.g. Moore et al. 2006 , Mellinger et al. 2007a , Van Parijs et al. 2009 ). It can generate long-term records of seasonal occurrence and distribution patterns, providing valuable insights into the habitat utilization of vocally active species, their presence in certain areas and when they may be at risk of deleterious anthropogenic impacts (e.g. Gallus et al. 2012 , Mussoline et al. 2012 . Where detailed knowledge on the vocal behavior of species exists, these new methods can be used effectively in density estimations (e.g. Barlow & Taylor 2005 , Lewis et al. 2007 .
Given the high mobility and wide range of most baleen whale species, it is challenging to gather even elementary data on their ecology. New methods, such as PAM, may therefore provide a great opportunity to collect baseline ecological data, which cannot be acquired through other methods for some species. However, for many baleen whale species, including minke whales Balaenoptera acutorostrata in the North Atlantic, fundamental knowledge on their acoustic behavior is still missing, often rendering it difficult to interpret PAM data appropriately.
Minke whales occur widely throughout the North Atlantic. They range from Baffin Bay to the Caribbean in the western North Atlantic and from the Barents Sea to the west African continental shelf in the eastern North Atlantic (Van Waerebeek et al. 1999 , Reilly et al. 2008 ). In the central North Atlantic pronounced sexual segregation exists on higher latitude feeding grounds, with females occurring farther north off western Greenland and males remaining further south and along the eastern coast of Greenland (Laidre et al. 2009 ). While there is evidence that minke whales undertake seasonal migrations between feeding and breeding grounds (e.g. Mitchell 1991 , Van Waerebeek et al. 1999 , Skaug et al. 2004 , some individuals may also stay in temperate waters year-round (Macleod et al. 2004) . Anderwald et al. (2011) suggest that there may be 2 separate breeding populations in the North Atlantic. However, to date no breeding grounds have been identified, and winter distribution and occurrence of this species is still barely understood.
North Atlantic minke whales are currently listed as a species of least concern under the IUCN Red List (Reilly et al. 2008) . The current estimate for the North American east coast is 8987 (CV = 0.32) individuals (Waring et al. 2012) . Nonetheless, the species is still commercially hunted across its summer range (Robards & Reeves 2011, see also www.iwcoffice. org). In addition, like most species of marine mammals, it is subject to indirect takes in fisheries (Benjamins et al. 2012 ) and is exposed to a variety of other threats, including ship-strike, chemical and noise pollution, and degradation and loss of habitat. Considering increasingly complex scenarios of human impacts on the marine environment (e.g. Halpern et al. 2008 ) and the lack of distribution and abundance data for North Atlantic minke whales beyond their summer range, there is a clear need for improved monitoring to ensure that healthy populations are maintained across their entire habitat.
Current monitoring and abundance estimates for minke whales are based on visual data (e.g. Skaug et al. 2004 , de Boer 2010 , Bartha et al. 2011 . However, visual detection of this species at sea can be difficult due to its small size and cryptic behavior (e.g. Rankin et al. 2007 ). Alternative methods, such as PAM, offer a great opportunity to significantly improve studies of the ecology, behavior, distribution and abundance of this species (Oswald et al. 2011) .
Minke whales are known to produce a variety of sounds across their range of occurrence. Low-frequency downsweeps, higher frequency clicks and a variety of other sounds have been reported from the Antarctic (Schevill & Watkins 1972 , Leatherwood et al. 1981 . More recently, Rankin & Barlow (2005) attributed the North Pacific 'boing' sounds to this species, and Gedamke et al. (2001) described the distinct 'star wars' vocalization, produced by Australian dwarf minke whales Balaenoptera acutorostrata.
In the North Atlantic, Beamish & Mitchell (1973) attributed series of clicks in the 5 to 6 kHz range to minke whales, and Edds-Walton (2000) recorded frequency-modulated downsweeps (118 to 80 Hz) in the Gulf of St. Lawrence, Canada. Finally, in the Caribbean, Winn & Perkins (1976) and Mellinger et al. (2000) recorded low-frequency pulse trains with varying interpulse interval (IPI) structure.
Recent advances in statistical methodology en abled estimates of cell density for North Pacific minke 'boing' vocalizations (Marques et al. 2010 ). However, in order to convert these call densities to estimates of animal abundance, it is crucial to estimate cue rates reliably (Marques et al. 2010 . The rate with which animals vocalize may vary with call type, sex of calling animal, behavioral state, season, location, group size and level of disturbance (e.g. Croll et al. 2002 , Oleson et al. 2007a ,b, Parks et al. 2011 ). Thus, a better understanding of basic minke whale vocal behavior is necessary to use PAM beyond species presence/absence detection.
In this study, minke whale pulse trains were recorded across 3.5 yr in the Stellwagen Bank National Marine Sanctuary (SBNMS), Massachusetts, USA. Pulse train characteristics were first ex amined in detail. Using multivariate statistical analyses, different types were then classified and their relative frequency of occurrence analyzed. In addition, an automated detection algorithm was developed to describe seasonal, spatial and diel patterns of pulse train occurrence.
MATERIALS AND METHODS

Data collection
Multi-year acoustic data were collected as part of 2 long-term monitoring projects carried out in 2006 and from December 2007 to May 2010 in the SBNMS (Fig. 1 ) and surrounding waters (see also Hatch et al. 2008 . Recordings were made using arrays of 9 to 10 marine autonomous recording units (MARUs) (Calupca et al. 2000) . Each MARU was equipped with an HTI-94-SSQ hydrophone (High Tech Instruments; sensitivity: −168 dB re 1 V/ µPa), connected to a pre-amplifier and A/D converter with 12 bit resolution, resulting in an effective system sensitivity of −151.7 dB re 1 V/µPa. All units sampled continuously at a rate of 2000 Hz, yielding an effective analysis bandwidth of 10 to 1000 Hz, with a flat frequency response (±1 dB) between 55 and 585 Hz. The units were moored 1 to 2 m above the sea floor in depths ranging from 30 to 100 m. Units were typically deployed for 3 mo at a time and were recovered and redeployed throughout the study period.
Pulse train measurements
Preliminary seasonal data analyses showed a peak of minke whale pulse train occurrence from late summer into autumn. Therefore, a subsample of the entire dataset, encompassing a total of 44 d in August, September and October in 2006 and were reviewed visually and aurally (fast Fourier transformation [FFT] size: 1024 points, 85% overlap, Hanning window), using the sound analysis software XBAT (Figueroa & Robbins 2008) . Good quality (signal-to-noise ratio [SNR] > 10 dB), non-overlapping pulse trains were selected for detailed acoustic measurements. In an effort to reduce oversampling of single individuals, not more than 5 pulse trains per hour and a maximum of 40 pulse trains per day were selected for this analysis. Acoustic data were bandpass filtered from 30 to 800 Hz to remove environmental noise and sounds from other species.
Spectrograms (FFT size: 512 points, 96.9% overlap, Hanning window, time resolution: 8 ms, frequency resolution: 4 Hz) of this subset of data were generated and analyzed with Avisoft-SASLab Pro 5.1 (Avisoft Bioacoustics). The automatic parameter measurement tool was used to measure pulse trains. Individual pulses were detected using an amplitude threshold of −30 to −55 dB sound pressure level (SPL) relative to the maximum SPL in the sound file. The threshold was manually adjusted to ensure the detection of every pulse within a pulse train. For each detected pulse, the following parameters were measured: start and end time (s), peak, and 1st, 2nd and 3rd quartile frequencies (Hz). Frequency measurements were taken at the start, end and center of the pulse and over the mean spectrum of the pulse. From these measurements, pulse duration (s), interquartile range (IQR) and bandwidth (Hz) were derived. In addition, the following parameters were obtained to characterize the entire pulse train: duration (s; start of first pulse to end of last pulse), number of pulses, mean IPI (s; time between starts of 2 consecutive pulses), start and end IPI (s; averaged over the first and last 20% of pulses, respectively), change in pulse rate (1/IPI (1/s); difference of averaged values for first and last 20%) and change in frequencies over time (Hz; difference of averaged first and last 20% mean spectrum measures).
Classification of pulse trains and relative rate of occurrence
From recordings obtained in the Caribbean, Mellinger et al. (2000) described 2 types of minke whale pulse trains, which differ in IPI structure: the slow-down and the speed-up type. Initial analysis of our data found both of these types, as well as a third, that showed no change in IPI over time. Based on these initial observations, pulse trains were grouped into 1 of 3 categories. Pulse trains were labeled as 'speed-up' if the change in pulse rate was <−0.5 and 'slow-down' if it was > 0.5. If the change in pulse rate was in between these values, pulse trains were labeled as 'constant'.
Subsequently, a supervised random forest model was fitted to the data and the resulting matrix of data dissimilarity was used as input for a fuzzy c-means cluster analysis. This multivariate statistical approach was taken to produce a less subjective and reproducible method of vocal repertoire classification, while taking the obvious importance of IPI structure and previous classification based on it into account. Random forests combine predictions of many classification trees, built on random subsets of the data (Breiman et al. 1984 , Strobl et al. 2009 ). The strengths of random forests include high classification accuracy, the availability of methods to assess variable importance and measures of data similarity that allow classification of the original data set (e.g. Cutler et al. 2007 ). All statistical analyses were conducted using R v. 2.15 (available at www.Rproject.org). The cforest function in the party package (Strobl et al. 2008 ) was used for random forest analysis and the number of trees was set to 1000. A total of 30 spectral and temporal predictor variables (see 'Pulse train measurements' above) were included in this analysis. Following suggestions in the literature (e.g. Cutler et al. 2007 , Strobl et al. 2009 ), the number of randomly chosen predictor variables at each split was set to the square root of all available predictor variables (n = 6).
The fanny function of the cluster package (Maechler et al. 2012) was used for fuzzy c-means clustering and calculating silhouette plots. Fuzzy c-means clustering differs from other clustering algorithms in that each observation is assigned to various clusters and the degree of membership is quantified by a coefficient ranging from 0 to 1, with the sum over all clusters being equal to 1 (Kaufman & Rousseeuw 1990 ). This method was chosen since it allows for more ambiguity in the data than traditional 'hard' clustering methods and thus proves more realistic in most ecological contexts (e.g. Jackson et al. 2010) . The average silhouette width index (Rousseeuw 1987) was used to determine the optimal number of clusters, k. The underlying technique determines the association between object i and other members of its cluster and the strength of this association as compared to i's relation to members from other clusters. The silhouette value s i ranges from −1 to 1, where 1 indicates that object i fits well within its cluster and −1 that it is not well classified. The average silhouette width of a cluster indicates how tightly grouped the data in the cluster are and the overall average silhouette width is a measure of how well the data is structured. The optimal number of k groups can be found by comparing the silhouette width indices for a range of clustering solutions using different ks and selecting the one yielding the highest average silhouette width, called the silhouette coefficient (SC). It has been suggested that a reasonable structure in the data is found when SC > 0.5 and that a strong structure is indicated by SC > 0.7 (Struyf et al. 1996) .
In a next step, histograms of IPI for each cluster were calculated and the function mclust of the mclust package (Fraley & Raftery 2010 ) was applied to fit Gaussian mixture models in order to describe means and standard deviations of IPI distribution peaks for each cluster.
Finally, the relative frequency of occurrence of each cluster was examined by fully annotating 2 days with peak minke whale pulse train occurrence in 2006 (1 September and 7 October) and 2008 (18 September and 19 September). Each identifiable pulse train was placed in 1 of the clusters and results were plotted as histograms.
Automatic detection
Three and a half years (2006, 2007 to 2010) of data were examined with an automatic detection algorithm that was implemented in a high performance computing (HPC) platform, using custom-built Matlab R2012b scripts (Dugan et al. 2011) . The automatic detection consisted of a multi-stage process based on spectrogram intensity binarization, energy projection, feature extraction and classification (Popescu et al. 2013) . A set of 18 basic features was extracted from each detected event and passed to a rippledown rule (RIDOR) learner (Gaines & Compton 1995) for final classification. While the detection stage was designed for general pulse train detection, the RIDOR was trained to identify minke whale pulse trains. However, the RIDOR did not distinguish between the different types of pulse trains as identified in this study.
Performance of the detector was evaluated by creating a truth data set, consisting of minke whale pulse trains mixed with segments of noise. Noise segments were selected to describe typical scenarios of variable seasonal background noise in this region. All pulse trains of the truth data set were scored on a scale of 1 to 4 by their signal quality, with Category 1 calls being of low quality and Category 4 calls appearing clear and well above background noise on the spectrogram. All detection data were post-processed and false positive detections were removed from the final dataset. Post-processing and assembly of the truth data set were performed by an experienced data analyst (D.R.).
Seasonality and diel patterns
To examine seasonal and diel patterns of pulse train occurrence, 1 channel of each multi-channel dataset was selected for analysis. Channels were selected with the aim to maximize recording time, while keeping a consistent recording location. Due to varying study designs over the years and MARU loss due to trawling, the latter was not always possible. Overall the mean ± SE distance between 19 different recording locations was 26 ± 16 km (n = 171). All data were binned by hour and results plotted by day.
Diel patterns were assessed during the peak season of pulse train occurrence (15 July to 15 November 2006 November , 2008 November and 2009 ) and only days with detections were used for this analysis. To account for variation in calling rates from one day to the next, mean-adjusted hourly calling rates were calculated by subtracting the average number of detections per day from the number of calls in each hour of the same day (Stafford et al. 2005 ). Hourly calling rates were then averaged for 3 different light regimes: 'light', 'twilight' and 'dark'. The sun-methods function of the maptools package (Lewin-Koh & Bivand 2012) was used to determine sun altitude in each hour of analysis for Provincetown, Massachusetts (42.1°N, 70.2°W), the closest land point to the deployed acoustic recorders. 'Light' periods were defined as those hours with a sun altitude greater than 0°( approx. 05:30 to 17:00 h Eastern Standard Time, EST), 'twilight' was based on the definition of nautical twilight with sun altitude between 0° and −12°( approx. 04:30 to 05:30 and 17:00 to 18:00 h EST) and 'dark' were those hours, when the altitude of the sun was less than −12° (approx.18:00 to 04:30 h EST). Since the data were not normally distributed (Saphiro-Wilk test), a Kruskal-Wallis test was used to test for differences between light regimes. Wilcoxon rank-sum tests with Bonferroni corrections for multiple testing were used for post-hoc comparisons between pairs of light regimes.
Spatial patterns
In 2006 MARUs were spaced equally across the SBNMS and recording locations were kept constant throughout the whole year. This dataset was used to examine the spatial distribution of minke whale pulse trains during the peak of their occurrence (15 July to 15 November 2006). For each of the 9 available recording sites the total number of pulse train detections was determined and the data were normalized by the total number of recording days for each site.
RESULTS
Characterization, classification and relative occurrence
From the initial 44 d subsample of the dataset, 396 minke whale pulse trains were selected for detailed analyses. Using the combined approach of supervised random forest and cluster analyses, the best supported grouping of these data resulted in 6 main clusters of pulse trains (Fig. 2) . However, the average silhouette width was relatively weak (0.42), suggesting that not all clusters are strongly supported (Kaufman & Rousseeuw 1990 ). Thus, distinction between some groups may lie along a gradient of similarity. Temporal features such as IPI at the beginning and end of pulse trains, as well as total pulse train duration, number of pulses and mean IPI, were the most important variables for splitting data into groups.
Based on changes in IPI structure, pulse trains recorded in SBNMS can be split into 3 main categories. While the IPI of slow-down pulse trains (Fig. 3a) increases towards the end of the call, constant pulse trains show a constant IPI throughout the entire duration of the call (Fig. 3b) . Speed-up pulse trains, as described by Mellinger et al. (2000) , were found in our dataset but in much smaller numbers than the other 2 types. In our sample, they ac counted for only 14 out of 396 measured pulse trains and thus did not fall out as a separate cluster. Cluster analysis divided the slow-down and constant pulse trains into 3 subgroups for each type. Table 1 summarizes the basic spectral and temporal measurements for all types of pulse trains that were classified in this study.
In general, slow-down pulse trains were characterized by differences in IPI structure and duration. All calls in this category had a bimodal distribution in IPI. While slow-down types 1 and 2 (sd1 and sd2) showed mean peaks in IPI at about 0.30 and 0.47 s, type 3 (sd3) differed, with mean peaks at 0.42 and 0.70 s. Median total call durations were 35.6 and 39.8 s for sd1 and sd3, respectively, while sd2 calls were much shorter in duration, with a median of 17.5 s (Fig. 3a) .
Constant pulse trains were subdivided, based primarily on differences in IPI. While constant pulse trains of type 1 (c1) had a mean IPI of 0.39 s, mean IPI for type 2 (c2) and type 3 (c3) were 0.64 and 0.83 s, respectively (Fig. 3b) . Median peak frequencies (PF) for all types of slow-down and constant pulse trains were similar and ranged from 106 to 136 Hz, except for c3, which exhibited a lower median PF of 58 Hz. In addition, most types showed an increase in PF throughout the duration of the call. Although highly variable, the median change in PF ranged from 6 to 23 Hz. Type c3 was the only type with a slight decrease (−5 Hz) in median PF from start to end. With the longest mean IPI and a silhouette width of 0.76, type c3 was also the most distinct group.
Speed-up pulse trains had a median PF of 106 Hz and showed a bimodal IPI distribution, decreasing from 0.54 to 0.37 s throughout the call (Table 1) . Overall, for all types of pulse trains, most energy was distributed between 50 and 300 Hz.
The pulse train occurrence analysis found all types of identified pulse trains present on each of the 4 selected days (Fig. 4b) . The most commonly recorded types were slow-down pulse trains, accounting for 60% of all pulse trains in this sample (n = 1068). While constant pulse trains represented 38% of the sample, only 2% were speed-up pulse trains (Fig. 4a) . It should be noted that c1 pulse trains, occurred more frequently than the other 2 constant pulse train types. Structurally, this pulse train category lies between slow-down and constant pulse trains, with an overall mean IPI of 0.39 s (see above) but a few IPIs measured at 0.80 s. Additionally, this group showed some overlap with sd3 ( Fig. 2) 
Detector performance
The truth data set consisted of 2428 manually selected minke whale pulse trains, which had been labeled from low signal quality (1) to high quality calls (4). The automated detector used in this analysis missed 0% (i.e. none) of the pulse trains labeled as Category 4 (n = 54), 8% of Category 3 (n = 415), 21% of Category 2 (n = 1275) and 51% of Category 1 (n = 684). The overall false negative rate for this version of the detector was 27%. The approximately 120 h of truthed data yielded 181 false positive detections.
Seasonality and diel patterns
A total of 8790 minke whale pulse trains were detected across the 3.5 yr of 1-channel recordings from the SBNMS. The detection of minke whale pulse trains was highly seasonal. Detections peaked during August and September, with 8639 (98%) of events detected over the entire analysis period occurring from mid-July to mid-November. Fig. 5 illustrates the seasonal and diel patterns of pulse train occurrence. Detections generally increased over the month of August and peaked in September and October, with 7769 (88%) of all detections from all years taking place during these 2 mo. No pulse trains were recorded during January or February of any year, and only a few detections were made from March to June. This strong seasonal pattern was repeated in all 3 full recording years (2006 Fig. 5) .
Pulse train occurrence during the peak season (July to November) followed a very distinct diel pattern, with most detections recorded during the 'dark' period, from about 18:00 to 00:00 h EST (Figs. 5 & 6) . The mean number of calls per hour increased around twilight, and was highest around 19:00 EST and lowest during daylight hours (Fig. 6a) . Hourly mean ± SE adjusted values were −1.47 ± 0.08, −0.42 ± 0.28, 1.95 ± 0.24 for 'light', 'twilight' and 'dark' periods, respectively (Fig. 6b) . Differences between means were statistically significant (Kruskal-Wallis test, χ 2 = 240.67, df = 2, p < 0.0001), and post-hoc comparisons be tween all pairs of means were significant at an alpha level of 0.001.
Spatial patterns
From 15 July to 15 November 2006, 32 029 minke whale pulse trains were recorded on 9 MARUs, deployed throughout SBNMS. Fig. 7 illustrates the spatial distribution of these detections by plots of circles with radii of approximately 15 km around the MARU's location. This representation incorporates a conservative detection range estimate for these calls based on preliminary source level data (D. Risch unpubl. data) and illustrates almost full range coverage of SBNMS, with some overlap between units. Since our main interest was in the relative spatial occurrence patterns, no adjustment for detection range overlap between units was performed in this analysis. Therefore, some pulse trains may have been detected on multiple units.
Although, pulse trains were detected across SBNMS, the majority of detections occurred in the eastern and southeastern parts of the sanctuary (Fig. 7) . Overall, there were 120 detections/recording days on the most southeastern MARU, compared to a low of 5 detections/recording days at the most northern location.
DISCUSSION
Prior to this study, minke whale pulse trains in the North Atlantic were described most comprehensively from an area northeast of Puerto Rico by Mellinger et al. (2000) , while Clark & Gagnon (2004) described the seasonal occurrence of minke whale pulse trains in parts of the western North Atlantic. Although these authors could not visually confirm species identity, they concluded that the sounds they described were produced by minke whales, based on structural sound similarity to and geographic overlap of sample regions with Winn & Perkins (1976) . In their earlier study, Winn & Perkins (1976) had been able to match acoustic recordings with visual observations of minke whales during several single spe cies encounters in deeper waters of the Caribbean region. The present study is the first to describe long-term occurrence and distribution patterns of minke whale pulse trains in the western Gulf of Maine.
Detector performance
Minke whale pulse trains are structurally variable and their long signal durations frequently result in overlap in frequency and timing of vocal activity. In addition, they overlap with other baleen whale species, particularly humpback whales, communicat- ing in a similar frequency range. These conditions, along with year-round high underwater noise levels, created a challenging acoustic scene for developing species-specific detectors for our study area. However, with an overall false negative rate of 27% (below 10% for strong signals), and a relatively low false positive rate, the pulse train detector used in this study served well for our broad-scale questions of seasonal, diel and spatial occurrence patterns.
Classification and characterization
In order to compare our data to Mellinger et al. (2000) , we initially classified pulse trains according to their IPI structure. We then described further variability in the dataset using a combination of supervised random forests and cluster analysis in an effort to increase repeatability of our classification scheme.
The classification of the current dataset yielded 2 main categories: slow-down and constant pulse trains, with 3 sub-types each (Fig. 3) . While Mellinger et al. (2000) described the first category, they did not describe the latter. Both types of signals have also been found and associated with minke whales in Onslow Bay, North Carolina, USA (Williams Hodge 2011). Additionally, in the Caribbean data analyzed by Mellinger et al. (2000) , 100 out of 110 pulse trains were speed-up, while only 10 were slow-down pulse trains. In contrast, in the SBNMS dataset, only 2% of a 4 d sample (n = 1068) were of this category. Instead, 60% of all calls in SBNMS were slow-down pulse trains.
These observed differences in minke whale vocal repertoire may be due to several reasons. First, the 2 datasets differed markedly in size and temporal scale. While Mellinger et al. analyzed 49 h of recordings, we explored 4 d of continuous acoustic data, collected over 2 different seasons. Since most of our detections occurred at night, while Mellinger et al. recorded mainly during the day, it is conceivable that the observed difference in vocal repertoire is due to a change in vocal repertoire from day-to nighttime. However, our data did not show any indication that this may be the case in our study area.
Second, since the majority of pulse trains recorded by Mellinger et al. were of low SNR, it is possible that the shorter constant pulse trains might have been missed. In addition, Mellinger et al. high-pass filtered their data at 100 to 200 Hz. However, some constant pulse trains described in the current study have PFs between 55 and 61 Hz (e.g. c3; Table 1) , and thus, differences in analysis bandwidth might also explain some disparities in vocal repertoire between studies. In this context it is noteworthy that Williams Hodge (2011) described the occasional association of constant pulse trains that match type c3, as described here, with high frequency clicks (PF ~20 kHz). However, our recording bandwidth was too narrow to detect such high frequencies in our data.
Lastly, geographic variation in repertoire size or usage may be responsible for the observed differences. As a specific form of geographic variation, dialects are commonly defined as vocal variation between potentially interbreeding populations (Conner 1982) and have been shown to exist in several species of cetaceans (e.g. Ford 1991 , Noad et al. 2000 , Rendell & Whitehead 2003 . Dialects can arise due to genetic, environmental or social factors, including vocal learning. More simply, if vocal signals are associated with particular behaviors, vocal pro- The behavioral function of minke whale pulse trains is currently unknown. However, it is conceivable that the observed differences in call type distribution might indicate a switch in activity from higher latitude summer feeding to presumed breeding at lower latitude winter grounds (Mitchell 1991 , Van Waerebeek et al. 1999 ). This idea is further supported by structural differences between pulse trains recorded in SBNMS and those from the Caribbean, with the latter lasting about 20 s longer and exhibiting more than twice as many pulses per pulse train (Table 1 ; Mellinger et al. 2000) . A correlation between call duration and arousal state has been demonstrated in some mammal species (Rendall 2003 , Charlton et al. 2011 . In several baleen whales only the males produce songs, which intensify during the breeding season and seem to play an important role in reproduction (e.g. Tyack 1981 , Croll et al. 2002 , Oleson et al. 2007b .
Dwarf minke whales wintering on the Great Barrier Reef have been shown to produce repetitive sequences of stereotypic 'star wars' vocalizations, which exhibit characteristics similar to reproductive displays found in other baleen whale species (Gedamke et al. 2001) . However, it is currently unknown whether the 'star wars' calls, minke whale 'boings' from the North Pacific, or North Atlantic pulse trains are produced by only one sex or age class and which function they serve in the species' ecology (Gedamke et al. 2001 , Oswald et al. 2011 .
Thus, it is important to explore the behavioral significance of minke whale vocalizations and whether they may be gender or age specific. Such knowledge is particularly important when analyzing PAM data in the light of species distribution and density. Only part of a population may be successfully captured by monitoring sounds that are exclusively produced by a certain demographic. Minke whale migration in the North Atlantic appears to be segregated by sex, and females prefer higher latitudes during summer (e.g. Øien 1988 Øien , Laidre et al. 2009 ). If minke whale pulse trains are only produced by males, as shown for songs of other species, these sounds should be almost absent from these higher latitudes of the North Atlantic, where mainly females are present. Thus, depending on recording location, PAM data might produce very different results as a function of vocal behavior and/or demographic differences in distribution.
Seasonality and diel patterns
Our data show a strongly seasonal distribution of minke whale pulse trains in SBNMS, and the same general pattern was repeated in 3 separate years (Fig. 5) . Pulse trains increased in abundance in July, peaked in September and October and decreased again in December. No detections were made during January and February, and only a few detections were recorded from March to June. This seasonality may either indicate the absence of minke whales from the area at times of the year when they are not recorded, a switch in sex ratio, if vocalizations are gender specific, or a change in behavior. While the first 2 explanations would indicate seasonal movement, the latter would allow for year-round site fidelity, both of which have been reported to exist in minke whales from different areas of the North Atlantic and are not mutually exclusive (Macleod et al. 2004 , Bartha et al. 2011 .
Visual sightings data from this area support the seasonal movement hypothesis. Year-round data (Murphy 1995) , collected over a period of 13 consecutive years in Massachusetts Bay, including SBNMS, show a striking similarity to the pulse train occurrence patterns reported here. In over a decade of observations in this area, no minke whales were sighted in the months of January and February, and a distinct peak in occurrence was observed to start in July, increasing through September and decreasing in November. The combined visual and acoustic data therefore suggest the absence of minke whales from Massachusetts waters during winter, a limited occurrence during spring and summer and a directed movement into this area in autumn.
Minke whales in the North Atlantic are widely distributed across summer feeding grounds north of 50°N, which range from Newfoundland-Labrador to Greenland, Iceland and northern Norway, and extend into the Barents and North Seas (e.g. Horwood 1990 , Andersen et al. 2003 . SBNMS might therefore be a transitory location for minke whales migrating along the US and Canadian east coasts. The relative strong peak in vocal abundance in autumn compared to the spring would suggest a more offshore occurrence of this species on their northbound migration and a more coastal distribution later in the year, when the whales are headed south.
A greater abundance of minke whales in coastal waters in September and October might also be related to the distribution of their prey. Humpback and fin whales visit Massachusetts waters around Stellwagen Bank during summer to feed on sandlance Ammodytes spp. (e.g. Overholtz & Nicolas 1979 , Friedlaender et al. 2009 ). Sandlance, as well as herring and other small shoaling fish, are an important prey for minke whales in the North Atlantic (e.g. Haug et al. 1995 , Lindstrøm et al. 2002 , Anderwald et al. 2012 . Although she observed only little surface feeding activity, Murphy (1995) suggested Massachusetts Bay as a possible feeding ground also for minke whales, citing the notable absence of minke whales during a crash of the local sandlance population in the mid-1980s (Payne et al. 1990 , Murphy 1995 .
Recent work on humpback whale song provides evidence for widespread occurrence of song on feeding grounds and outside the traditional breeding season (e.g. Stimpert et al. 2012 , Vu et al. 2012 , as well as on migration routes (e.g. Charif et al. 2001) . Similarly, fin whale song has been shown to persist on feeding grounds much later in the year than previously thought (e.g. Simon et al. 2010 , Morano et al. 2012 . In both species it has been shown that only males sing and that songs serve in a mating context (Tyack 1981 , Glockner 1983 , Croll et al. 2002 . Studies on changes in sex hormones in North Atlantic minke whales have shown a rise in blood testosterone levels in adult males and progesterone levels in females during the feeding season (Kjeld et al. 2004) . Thus, if minke whale pulse trains were to serve in a mating context, their occurrence on migration and on a potential feeding ground is consistent with the behavioral flexibility observed in other baleen whales, as well as observed hormonal changes at the end of their summer feeding period. In addition, if minke whale pulse trains were to serve in a mating context, their occurrence on a potential feeding ground is consistent with observed hormonal changes at the end of their summer feeding period.
Minke whale pulse trains exhibited diel periodicity, with calling rates being lowest during light and peaking during dark periods. Without more knowledge on individual calling rates, the reason for the observed diel pattern cannot be conclusively resolved. It may be the result of higher individual calling rates, an increase of the overall number of vocalizing individuals at night or a change of animal abundance from day-to nighttime.
Diel variation in calling rates has been observed in several other baleen whale species and may vary by species and/or habitat. Sei whales in the Gulf of Maine and right whales on Emerald Bank, Nova Scotia, Canada, exhibited higher calling rates during the day (Mellinger et al. 2007b , Baumgartner & Fratantoni 2008 . In contrast, right whales in the Pacific and the Gulf of Maine (Matthews et al. 2001 ,Wiggins et al. 2005 , Munger et al. 2008 , Mussoline et al. 2012 showed increased calling activity at nighttime and both blue and humpback whales have been shown to increase singing activity at night (Au et al. 2000 , Stafford et al. 2005 . For signals that serve in a reproductive context, such as humpback whale song, an increase in nighttime vocal activity might be related to the lack of visual cues for advertising and competitive display behavior (Au et al. 2000) . In addition, calling could be directly or inversely related to feeding activity. Vocalizations might be used to advertise resources and thus be a proxy for feeding behavior (Croll et al. 2002 , Stafford et al. 2005 . On the other hand, if calls are generally serving in a social context, higher vocalization rates would be expected when whales are not actively feeding. Such a relationship has been suggested for right and sei whales, which, in some areas, show higher calling rates during the day, when their primary prey, Calanus finmarchicus, is aggregated at depth and thus less accessible (Mellinger et al. 2007b , Baumgartner & Fratantoni 2008 . The behavioral context of minke whale vocalizations in SBNMS is currently unknown, but if the diel pattern observed here is related to feeding activity, an inverse relationship would suggest that minke whales feed primarily during the day and either advertise resources or spend more time socializing at night.
In the North Pacific, minke whale 'boing' rates recorded in Hawaii, USA, did not show a significant diel pattern (Oswald et al. 2011) . In contrast to SBNMS, Hawaii is likely not a feeding area for minke whales but serves more likely as a breeding ground for the species (Oswald et al. 2011) . Therefore, although the behavioral contexts are not completely understood for either area, the strong diel pattern recorded here might indicate that the direct or indirect relationship between vocalizations and presumed feeding behavior is stronger than the influence of light on visual-acoustic displays in a primarily reproductive context.
Spatial patterns
The spatial distribution of minke whale pulse trains in 2006 suggests that minke whales prefer the deeper waters to the east of Stellwagen Bank. On their summer feeding grounds, minke whales in the North Atlantic are commonly found close to shore (e.g. Macleod et al. 2004 , Bartha et al. 2011 , Anderwald et al. 2012 . However, despite fairly consistent visual monitoring efforts for other species in the southeastern United States (e.g. Keller et al. 2012) , there are large data gaps concerning the winter distribution and migratory routes of this species in the North Atlantic. This lack of data, even including opportunistic observations, suggests a more offshore dis tribution during winter and spring. In support of this hypothesis, recent satellite tracking data show the southbound migration of individuals summering around Iceland to take place in the middle of the North Atlantic (Vík-ingsson & Heide-Jørgensen 2012) . In addition, in the western North Atlantic, visual sightings data from North Carolina and Florida, USA, found minke whales offshore of the continental shelf in the winter time (Nilsson et al. 2011) . The spatio-temporal pattern of sporadic vocalizations in spring and a peak in vocal abundance to the east of SBNMS in autumn, is consistent with the idea of Massachusetts Bay serving as part of the migration corridor for minke whales. A potentially more inshore distribution, and therefore higher acoustic detection rate on the southbound migration, may be related to the distribution of their prey at this time of year. However, more data on prey distribution, the feeding behavior and individual movement patterns of minke whales in the Gulf of Maine are needed to draw final con clusions.
CONCLUSION
Little is known about the abundance and distribution of North Atlantic minke whales outside their known summer feeding habitats, where they are still hunted commercially in soma areas. This study documents their seasonal occurrence in Massachusetts waters and shows that PAM can be used successfully to monitor and describe this species' vocalizations. The lack of data on minke whale migration patterns and winter habitats is likely due to an offshore distribution of the species during winter and spring. Thus, because of its potential for monitoring remote areas, independent of weather conditions, PAM data will be crucial in our future understanding of important minke whale habitat. However, more concurrent visual and acoustic data sampling is needed to interpret such data better, particularly when trying to determine whether an absence of acoustic detections can be interpreted as species absence or not. In addition, future work is needed on the behavioral context of known minke whale vocalizations, including caller identity, source levels and calling rates, as well as the description of the full vocal repertoire for the species. Understanding the basic acoustic ecology will provide a better understanding of the year-round spatio-temporal distribution of North Atlantic minke whales. In turn, these data will help to predict important speciesspecific habitat and ultimately identify and mitigate potential threats to the species, particularly in areas where they have not been monitored traditionally. 
